The amount of methionine required for maximum growth in the young rat is reduced in the presence of cystine (Womack and Eose, '41) and similarly, the phenylalanine requirement is smaller if tyrosine is present in the ration (Womack and Eose, '46). No other interrelationship has been established in which the presence of a non-essential amino acid decreases the re quirement of an essential one. In order to ascertain whether or not other such interrelationships exist, experiments were undertaken to determine the effect of: (1) cystine on the amount of methionine required to maintain adult rats in nitro gen equilibrium; (2) the non-essential amino acids other than cystine on the methionine requirement; and (3) the nonessential amino acids on the isoleucine and threonine require ment, respectively. EXPERIMENTAL Adult male rats from the stock colony of this laboratory 3 varying in age from three to 6 months and in weight from 306 'Present address:
1The essential amino acids were incorporated in the diets at a level of 0.2% of the physiologically effective forms. The amounts listed in the table include the hydrochlorides, where used, and the unutilized D-forms.
'Experimental modifications: Diets 1A and 2A, methiouine omitted; diet IB, methionine omitted, 0.2% cystine added; diet 2B, methionine omitted, 0.2% cystine instead of 0.1% cystine added; diets 1C and 2C, isoleucine omitted; diets ID and 2D, threonine omitted.
â€¢Jonesand Foster ('42). 4Squibb 's Navitol, containing 65,000 U.S.P. units of vitamin A and 13,000 TJ.S.P. units of vitamin D per gram.
to 440 gm were the experimental subjects. In each experiment 6 animals were placed on either diet 1 or diet 2, the composi tions of which are given in table I.4 One group of 6 was fed a diet containing 19 amino acids (diet 2). Litter mates of this group of approximately the same starting weight were fed the 9 amino acids essential for the maintenance of nitrogen balance in the adult rat (Wissler et al., '48) together with diammonium citrate (diet 1) in an amount sufficient to equalize the nitrogen content of the two rations.
The essential amino acids were fed at a level of 0.2% of the physiologically active form; that is, 0.4% where the D-forms are not utilized. These amounts were selected after prelimi nary trials in an attempt to formulate a ration which would contain low levels of amino acids but which would maintain adult animals in nitrogen equilibrium for subsequent studies ; they bear no relationship to the requirements of the rat for individual amino acids or to the amino acid composition of well-utilized proteins. The non-essential amino acids, whether the L-or the DL-form, were fed at a level of 0.1% except in one study, where 0.2% cystine was fed. When an amino acid was omitted or fed at lower or higher levels than those mentioned above, the nitrogen content of the diet was not corrected; hence, the actual nitrogen contents of the different rations varied from 0.40 to 0.49% in the various experiments. The caloric value of the rations was calculated to be 4.4 (diet 1) and 4.6 (diet 2) calories per gram.
The animals were removed from the stock ration and placed directly upon the experimental low-nitrogen diets. Food and water were given ad libitum and weight changes and food con sumptions were determined every 4 days. After a 20-day ad justment period on diets 1 or 2, during which individual nitrogen balances were determined for each 4-day period ex cept the first, the animals were transferred to similar rations 4The amino acids were from various commercial sources. The purity of the DLisoleucine and DL-threonine, both from Merck and Company, was checked by the microbiological method, and the L-leucine, from Interchemical Corp., was shown to contain no isoleucine. We wish to thank Dr. M. J. Horn and Mr. A. Blum of this laboratory for carrying out the assays.
from which a single essential amino acid had been omitted. They were kept on these diets for 20 days, and then the missing amino acid was supplied at various levels until the level was found which would maintain the animals in nitrogen equilib rium. Each level was fed for 20 days and each 20-day interval was divided into five 4-day periods for determination of nitro gen balances. If scattering of food occurred during any period, the data obtained during that period were omitted from con sideration. The nitrogen balances for all the other periods for each level of amino acid feeding were averaged, since the ad justment to new levels was rapid enough to allow the inclusion of balances for the first with those for the later periods.
The animals were kept in an air-conditioned room with the temperature maintained at 80 Â±2Â°F. They were housed indi vidually in wire metabolism cages with one-half inch mesh bottoms supported above 250-mm glass funnels. Under the funnels were glass bottles containing toluene and sufficient sulfuric acid to acidify the urine samples. A fine mesh screen was placed over the top of the funnel to retain the feces. Dur ing each period the feces were collected at intervals and stored until the end of the period either with or without the addition of sulfuric acid.5 At the time of removal of the feces, the screens and funnels were washed with a fine stream of water and the washings retained for analysis. At the end of each period the combined urine samples and washings for each animal were filtered, the filter paper washed thoroughly, and filtrate and washings diluted to a convenient volume, usually 500 ml. The feces for each animal for each 4-day period were partially digested with sulfuric acid, mercury and potassium sulfate, cooled and quantitatively transferred to a volumetric flask. Aliquot portions were used for further digestion. Nitro gen was determined in the food, urine and feces by the Kjel5No differences were observed in the fecal nitrogen values obtained by the two methods of storing the feces. In one test during alternate periods the feces were removed daily and transferred to acid; during the other periods they were stored until the end of the period and then transferred to acid. The nitrogen determina tions were made in the usual manner. Each set of 33 values averaged 46.1 mg fecal N/4 days. dahl-Gunning-Arnold method (Association of Official Agricul tural Chemists, '45) using mercury as a catalyst and distilling into boric acid (Sobel, Yuska and Cohen, '37) . A two-hour digestion period was used for foods and 30 minutes for further digestion of the feces and for the urine samples. These periods of time were found to give maximum values. The Chibnall, Bees and Williams ( '43) method gave no higher values and the shorter digestion periods represented a considerable saving in time from the 8-hour digestion period recommended by the latter authors.
RESULTS AND DISCUSSION
The data obtained showing the effect of the presence or ab sence of the non-essential amino acids on the amount of methionine required to maintain adult rats in nitrogen equilibrium are summarized in table 2. That the absence of cystine is re flected in the nitrogen balances was apparent even as early as the first periods when methionine was omitted from the diets. The average daily nitrogen balance for the animals receiving no methionine and no cystine was â€"35.2 mg and for those receiving 0.1% cystine but no methionine it was â€"14.2 mg. Clearly, the presence of cystine decreases nitrogen losses on a methionine-free diet. DL-Methionine was added to the food until the amount needed to maintain nitrogen equilibrium was determined. When 0.1% cystine was present, so that the animals were ingesting about 10 mg of cystine per day, they were approximately in nitrogen equilibrium when receiving 0.04%, or 4.2 mg of methionine per day; when no cystine was added, 0.14%, or 14.6 mg methionine per day, was just sufficient to establish equilibrium. Since the growing rat uses both the L-and the D-forms of methionine (Jackson and Block, '33; Rose, '38; Wretlind and Rose, '50), it is assumed that the adult rat possesses the same ability.
The finding that such a large proportion of the methioninecystine requirement could be furnished as cystine was unex pected, since earlier experiments (Womack and Rose, '41) only about one-sixth of the methionine-cystine requirement could be satisfied by cystine. A second study was conducted to investigate the effect of the non-essential amino acids on the amino acid requirement. This time 0.2 instead of 0.1% cystine was included in each ration in which the methionine level was reduced. The results are presented in table 3. When methio nine was fed at a level of 0.03%, or 3.2 mg per day, the animals were in nitrogen equilibrium. Since this was true on diet 1 from which the non-essential amino acids other than cystine were absent, as well as on diet 2, the results indicate that cystine is the only non-essential amino acid which influences the methio nine requirement. A test in which 50 ng of vitamin B12 were added per kilogram of ration showed no effect of the vitamin on methionine requirement as reflected in the nitrogen bal ances.
In the first experiment, a daily methionine intake of 14.6 mg maintained the animals in equilibrium when no cystine was present ; in the second, 3.2 mg were sufficient when more than 20 mg per day of L-cystine were being ingested. From these experiments it appears that only about one-fourth of the methionine requirement for maintenance of nitrogen equilib rium in these animals must be supplied as methionine, and that the rest may be furnished as either cystine or methionine. Higher levels of cystine were not studied, so that this is not evidence as to the maximum amount of methionine that can be replaced by cystine. Certainly the point of diminishing returns was reached when 10.6 mg of cystine reduced the methionine requirement from 14.6 mg to 4.2, and an additional 10.8 mg reduced it only to 3.2 mg.
The results of the experiment to study the effect of the nonessential amino acids on the isoleucine requirement are pre sented in table 4. When isoleucine was omitted, the weight losses and negative nitrogen balances of the animals on the two diets were similar. The addition of 0.24% DL-isoleucine caused gains in weight and positive nitrogen balances in both groups of animals. When the amount of isoleucine in the ration was decreased to 0.22%, the animals were approximately in nitro- gen equilibrium and both groups had an average weight loss of 0.5 gm per day. These findings indicate that after a period of isoleucine deprivation, about 22 mg of DL-isoleucine are suffi cient to maintain adult rats in approximate nitrogen equilib rium. The absence of the non-essential amino acids does not appear to increase the amount of isoleucine required for the establishment of nitrogen equilibrium. If it is assumed that adult rats, like young rats (Rose, '38) , are unable to utilize D-isoleucine, then the amount of L-isoleucine required to main tain the animals in nitrogen equilibrium on these rations is about 11 mg per day.
Results of the study of the influence of the non-essential amino acids on the threonine requirement of the adult animal are shown in table 5. When threonine is withdrawn from the ration, there are large losses in weight and large losses of nitrogen. With the addition of 0.20% DL-threonine, the nitro gen losses are considerably reduced and when the DL-threonine content of the ration is increased to 0.24%, giving a DL-threo nine intake of approximately 20 mg per day, positive nitrosren balance is established. Since there were no statistically sig nificant differences between the nitrogen balances with the two rations, it is apparent that the absence of the non-essential amino acids does not increase the threonine requirement. The rat utilizes only the naturally-occurring form of threonine (West and Carter, '38) ; therefore under these experimental conditions about 10 mg of L-threonine per day are sufficient to maintain the animals in nitrogen equilibrium.
The animals of all groups were fed ad libitum and the caloric intakes, which were high initially (57 to 70 calories per day), became stabilized at a lower level during the periods of amino acid supplementation which followed deprivation. It will be observed that for each dietary level of amino acid studied, the average food consumption and hence the average nitrogen and caloric intake were not appreciably different on the two rations being compared. Swanson ('51), in her study of the effect of caloric intake on the nitrogen balance of rats fed protein-free rations, found no appreciable effect on nitrogen balance on a high fat diet until the caloric intake had been reduced to 12.2 calories per day, and on a low fat diet to 24.5 calories per day. Even at the lowest level of food intake (in the threonine study), 37 calories per day were ingested by the animals, a level well above that at which Swanson found caloric intake to affect nitrogen balances. Munro ('51) concluded that there is a dynamic relationship between nitrogen balance and energy in take, so that a change in one brings about an alteration in the other. Only in the isoleucine study reported here was there any appreciable variation in the caloric intake between two levels of amino acid feeding. This does not affect comparison between the same level on the two diets, but the decreases in the nitro gen balances found when the isoleucine level was changed from 0.24% to 0.22% may be the result not only of decreased iso leucine but also of decreased caloric intakes.
Other investigators have studied or calculated the amino acid requirements of the adult rat. Their results have been reported either as requirements for a 325-gm rat (Mitchell, '50) , as milli grams per day per kg*4 (NÃ¤sset and Anderson, '51; NÃ¤sset, Anderson and Siliciano, '51), or as milligrams per 100cm2 per day (Benditi et al., '50) . Table 6 summarizes the results of these investigators in comparison with those of the present study. For this table, Mitchell's estimates have been recalcu lated as milligrams per kilogram of rat per day. There is remarkably good agreement between the methionine require ment determined in the present investigation and the values of Mitchell and of NÃ¤sset and Anderson. The threonine re quirement indicated by this study agrees well with the estimate made by Mitchell but is somewhat lower than the value re ported by Benditt and co-workers and higher than that found by NÃ¤sset,Anderson and Siliciano. There is considerable di vergence among the several values for isoleucine.
SUMMARY
Experiments have been conducted to determine the influence of the non-essential amino acids on the amounts of methionine, isoleucine and threonine required to maintain adult male rats in nitrogen equilibrium. Cystine was the only non-essential amino acid which influenced the amount of methionine required for this purpose. In the absence of cystine, an intake of 14.6 mg DL-methionine was required ; when the animals received 10 mg of L-cystine, 4.2 mg DL-methionine were sufficient ; and when the cystine ingested was increased to 21 mg per day, 3.2 mg DLmethionine were needed for maintenance of nitrogen equilib rium. The isoleucine and threonine requirements, 11 and 10 mg per day, respectively, were unaffected by the non-essential amino acids at the levels of intake used. Proc. Soc. Exp. Biol. Med., 30: 587-588.
